Introduction
Interactions of DNA with other molecules represent a fundamental issue in life sciences. They are, therefore, also a subject of investigations done with DNA-based biosensors. Comparing to biocomponents used typically as sensing parts of the biosensors, the DNA biopolymer is more utilized to the study of DNA itself including DNA association with low-molecular-weight compounds, DNA hybridization and DNA damage than to the conventional quantification of an analyte [1] [2] [3] [4] [5] [6] [7] [8] . An evaluation of DNA interactions using the biosensors helps to understand action mechanisms of drugs as well as health risk chemicals, to develop compounds of desired activity and, on the other hand, to predict unwanted toxic effects and damage to DNA. Different particularly electrochemical DNA sensors have been used advantageously in recent years for rapid screening of various compounds [9] [10] [11] [12] .
Arsenic is well documented as both a carcinogen and an efficient chemotherapeutic agent (the paradox of arsenic). The majority of scientific evidence does not suggest that As is a mutagen in vivo although it has been shown to interact with DNA to cause damage and produce mutations in vitro.
Increasing evidence suggests that As significantly affects specific signal transduction pathways involved in cell proliferation and/or apoptosis [13] . This can be relevant to carcinogenesis independently of, or in concert with, DNA damage [14, 15] . Low concentrations of As(III) interfere with DNA repair systems and can affect the mutagenicity of other carcinogens [16, 17] .
An increased cancer risk is attributed mainly to the inorganic arsenic(III) which is predominant in drinking water from deep anaerobic wells. As(III) is oxidized to As(V) under aerobic conditions and reduced back to As(III) in cells [17] . Arsenic contamination of drinking water is a public health issue worldwide and, therefore, As is the most widely studied element in drinking water in the last few years [18] . Global natural emissions of As and its compounds are estimated to be 8000 t per year and antropogenic emissions are even three times higher. Arsenic is released to the atmosphere mainly as As 2 O 3 and less often in form of its volatile organic compounds [19] . Typical As concentration, in ground and underground drinking water is below 10 µg/L (the EPA limit for drinking water). However, in regions of thermal activity, in the presence of As rich minerals and industrial or agrochemical contaminations, the As content could be dramatically enhanced up to tenth of mg/L.
Arsenic-induced apoptosis is related to an enhanced production of prooxidants and depletion of glutathion [20] . This is supported by the observation that arsenite induces proteins which are induced by and protect against oxidative stress. DNA damage induced by arsenite is mediated by reactive oxygen species, ROS. Glutathion elevation and antioxidants like Vitamine E, catalase and superoxide dismutase protect against arsenite genotoxicity [17] . Dimethylarsine as a minor metabolit of DMA(V) can react with molecular oxygen to produce corresponding radical and peroxyl radical together with superoxide anion and in the presence of iron or other metal ions also hydroxyl radical [21] .
DNA immobilized at the voltammetric electrode surface was shown to be a substrate for oxidative damage by ROS. Fenton and Haber-Weiss reactions of transition metals with hydrogen peroxide in the presence of chemical reducing agent such as ascorbic acid are known and used widely as DNA cleavage reaction mixtures producing hydroxyl radicals [22, 23] . Moreover, the As 2 O 3 association with DNA base was reported [24] . The aim of this study is in vitro investigation of effects of arsenic compounds in aqueous solution on changes of integrity of surface attached DNA. Arsenite, arsenate, pentavalent dimethylarsinic acid, as their metabolic product and widely used herbicide as well as phenylarsonic acid and p-arsanilic acid as the representatives of feed additives in some countries have been studied in relatively high concentration corresponding to real contaminated water and in a simple system of Fenton and Haber-Weiss type reactions. The arsenic compounds are presented in Scheme 1. (each 1000 mg/L as As) of dimethylarsinic acid and p-arsanilic acid (both Sigma) and phenylarsonic acid (Fluka) were prepared. Deionized and double distilled water was used throughout.
Experimental

Apparatus and Reagents
Procedure
The modified procedure reported previously [27] was used for the measurement with the DNA redox marker. Briefly, the DNA/SPE sensor was pre-treated by immersing to 5x10 A negligible marker signal was checked by the DPV record in blank. The peak current I 0 was obtained in triplicate.
To detect the damage to DNA, the same DNA sensor was incubated in a separate cell in the cleavage mixture in 1x10 -2 mol/L phosphate buffer solution pH 7.0 for 10 min under stirring, and then rinsed with water. The marker peak current (I) was obtained again in duplicate using the DPV measurement/biosensor regeneration scheme and the normalized (relative) signal I/I 0 was calculated.
For the measurement of DNA oxidation signal using the Ru(bpy) 3 ] 2+ catalyst, the DP voltammograms were recorded at DNA/SPE in solution of 5x10 -6 mol/L Ru(bpy) 3 ] 2+ in 2x10acetate buffer solution (pH = 5.40) containing 5x10 -2 mol/L NaCl from +0.500 to 1.100 V at the pulse amplitude of 100 mV, 2 mV scan step and the scan rate of 1 mV/s.
Results and Discussion
Optimization of detection conditions
To enhance sensitivity of the biosensor, some experimental conditions have been proved before the arsenic investigations. Electrode pre-activation was tested by determining the effective surface area of the bare working screen-printed electrode (SPE). Here, using the cyclic voltammetric peak current of 5x10 [22, 25] . A stimulation of the [Co(phen) 3 ] 3+ accumulation at the negatively charged DNA backbone by a positive potential value of 0 to +0.300 V range was confirmed using the DPV scan from (+0.300 to -0.500) V. On the other hand, the signal decreases to less than 50 % for the accumulation at -0.300 V or -0.500 V as well as the scan from (-0.500 to +0.300) V.
To investigate the signal of the DNA guanine moiety, its direct and catalytic oxidation was tested at both in situ and ex situ prepared biosensors. Fig. 1 catalyst, as well as the sensitivity of the detection scheme to a portion of DNA which survives the treatment in cleavage mixture.
Cleavage effect of inorganic arsenic
Inorganic arsenic was investigated in the form of arsenite or arsenate present as the component of cleavage mixture (1x10 -2 mol/L phosphate buffer solution pH 7.0). Values of the relative DPV signal of the DNA marker are summarized in Tables 1 and 2 . These data demonstrates some DNA degradation by arsenite at 22 °C in the presence of Fe 2+ as well as Cu 2+ ions as the redox catalysts. The cleavage effect of arsenite was confirmed also by a change in the catalytic current of the guanine moiety. Fig. 3 (curves 2 and 3) shows a dramatic change in the DNA anodic signal after the treatment of the DNA/SPE biosensor in the mixture with As(III). (Tables 1 and 2 ). The activity of the organic arsenic species is higher than that of inorganic ones. However, there is no significant difference in the effect of individual organic arsenic compounds. On the other hand, somewhat larger DNA damage was found in the presence of Fe 2+ ions than in the presence of Cu
Cleavage effect of organic arsenic
2+
.
Conclusions
Carcinogenicity of arsenic is generally supposed to be in relation to the production of ROS via activation of enzymes participating on the ROS formation or to the inhibition of DNA repair mechanism. Using the DNA based electrochemical biosensor, we have found damage to DNA under in vitro conditions at an incubation of the biosensor in reaction mixtures with arsenite and organic arsenic compounds. The redox potential of arsenic allows to consider it as a reducing agent in the HaberWeiss system. The activity of organoarsenicals compounds may be related to a direct association interaction and exposure of a DNA base, such as guanine, to these arsenic species for oxidative damage. Differences in reaction mechanism of inorganic and organic arsenic species can be probably related also to the different effects of copper and iron ions present in the cleavage media.
It could be demonstrated that DNA based biosensor acts as an effective chemical toxicity sensor regarding serious environmental contaminant such as arsenic. Thanks to reversible binding and redox change of the [Co(phen) 3 ] 3+ complex, it can be used analytically repeatedly to detect an integrity of the original dsDNA, particularly regarding its ability to bind the positively charged marker particles.
On the other hand, the direct and Ru(II)-catalyzed DNA oxidation is an irreverzible process based a possibility of an electron transfer from the inside of the dsDNA and to the electrode surface. Therefore, these anodic signals may be used to evaluate DNA association interactions with low molecular (arsenic) species and damage to DNA bases as well as various DNA structural changes from helix distorsion (opening) to strand breaks.
The rather complex behavior of arsenic compounds towards DNA observed even under in vitro conditions needs further study. The investigation of effects of natural arsenic co-reactants, such as glutathione and ascorbic acid, in the reaction medium at the biosensor incubation (together with a validation of the results by independent methods such as impedance spectroscopy at DNA/SPE and conventional electrophoresis in solution) are in progress.
